In chronic lymphocytic leukemia (CLL), monocytes and macrophages are skewed toward protumorigenic phenotypes, including the release of tumor-supportive cytokines and the expression of immunosuppressive molecules such as programmed cell death 1 ligand 1 (PD-L1). To understand the mechanism driving protumorigenic skewing in CLL, we evaluated the role of tumor cell-derived exosomes in the cross-talk with monocytes. We carried out RNA sequencing and proteome analyses of CLL-derived exosomes and identified noncoding Y RNA hY4 as a highly abundant RNA species that is enriched in exosomes from plasma of CLL patients compared with healthy donor samples. Transfer of CLL-derived exosomes or hY4 alone to monocytes resulted in key CLL-associated phenotypes, including the release of cytokines, such as C-C motif chemokine ligand 2 (CCL2), CCL4, and interleukin-6, and the expression of PD-L1. These responses were abolished in Toll-like receptor 7 (TLR7)-deficient monocytes, suggesting exosomal hY4 as a driver of TLR7 signaling. Pharmacologic inhibition of endosomal TLR signaling resulted in a substantially reduced activation of monocytes in vitro and attenuated CLL development in vivo. Our results indicate that exosome-mediated transfer of noncoding RNAs to monocytes contributes to cancer-related inflammation and concurrent immune escape via PD-L1 expression.
INTRODUCTION
Tumor-promoting inflammation and escape from immune-mediated tumor destruction have been recognized as hallmarks of cancer (1) . Tumor-associated macrophages are key players in these processes and are currently being explored as therapeutic targets in a number of cancers (2) .
Chronic lymphocytic leukemia (CLL) is a malignancy of mature CD5 + CD19
+ B lymphocytes that is associated with an inflammatory milieu and defective immune responses (3, 4) . Monocytes in the blood of CLL patients as well as macrophages in lymphoid organs are skewed toward immunosuppressive phenotypes, including the up-regulation of the immune regulatory molecules programmed cell death 1 ligand 1 (PD-L1) and indoleamine 2,3-dioxygenase 1 (IDO1) (5, 6) . Depletion of monocytes and macrophages, or treatment with anti-PD-L1 antibodies, attenuates tumor development in the E-TCL1 mouse model of CLL, highlighting the relevance of immune control in this disease (7, 8) . So far, the mechanisms of how CLL cells influence the development and activity of monocytes and macrophages are not understood.
Cancer cell-derived extracellular vesicles (EVs) are key players for communication with the tumor microenvironment and are reported to promote anti-and protumorigenic effects in immune cells and other nontumor bystander cells (9) (10) (11) . In general, two types of EVs are distinguished, namely, 50-to 150-nm-sized exosomes of endosomal origin and 100-to 1000-nm-sized microvesicles directly budding from the plasma membrane (9, 12) . Both can promote local and systemic effects by interaction with target cells (12) (13) (14) . This is especially relevant for RNA shuttled by cancer-derived EVs, given that RNA remains functional upon EV encapsulation and uptake by recipient cells (15) (16) (17) . RNA analyses of exosomes have previously revealed an accumulation of small RNA species, including microRNAs (miRNAs), Y RNAs, ribosomal RNAs (rRNAs), and transfer RNAs (tRNAs) (18, 19) . Y RNAs are evolutionary conserved, RNA polymerase III-transcribed, noncoding RNAs (83 to 112 nucleotides (nt) in length) that are involved in DNA replication and RNA quality control (20, 21) . Fragmentation of Y RNAs to about 30-nt sequences was observed upon cellular stress and apoptosis (22, 23) . However, little is known about the role of EV-encapsulated Y RNAs and their effect on target cells in the microenvironment.
CLL cells have been shown to secrete EVs upon B cell receptor stimulation, and tumor-derived EVs have been detected in the blood of CLL patients (24, 25) . Uptake of CLL-derived EVs by stromal cells has been shown to promote activation of mechanistic target of rapamycin (mTOR)/AKT signaling (25) and the induction of an inflammatory phenotype that is associated with enhanced tumor growth in mice (26) . We have previously demonstrated monocytes and macrophages to be the major targets of CLL-derived exosomes (26) , but little is known about how exosomes influence the function of these immune cells.
Here, we isolated exosomes from blood plasma samples of CLL patients and from culture supernatant of a CLL cell line and characterized their content by proteome analysis and RNA sequencing. Focusing on their functional relevance, we treated monocytes ex vivo with exosomes and monitored uptake as well as exosome-mediated responses by confocal microscopy, flow cytometry, and cytokine quantification. We have identified the Y RNA hY4 as a highly abundant RNA in CLLderived exosomes and showed that both exosomes and exogenous hY4 induce PD-L1 expression and cytokine release in monocytes and thus contribute to a tumor-supportive microenvironment in CLL. Inhibition of Toll-like receptor (TLR) signaling in mice reduced CLL development and might therefore be of therapeutic interest.
RESULTS

B cell-derived exosomes are enriched in plasma of CLL patients
Exosomes from blood plasma of CLL patients (see table S1 for patient information) or healthy donors as well as from culture supernatant of the CLL cell line MEC-1 were isolated via serial centrifugation, as described previously (27) . Confirming previously published results (26) (27) (28) , negative stain electron microscopy showed vesicles in typical cup-shaped morphology. Their sizes ranged from 30 to 350 nm; they were positive for exosome markers RAB5a and HSP70, and immunoelectron microscopy demonstrated human leukocyte antigen-antigen D-related (HLA-DR) expression of exosomes ( Fig. 1, A to D, and fig.  S1A ). Quantification of absolute particle numbers in blood plasma via nanoparticle tracking analysis (NTA) showed no significant difference in exosome counts for CLL patients compared with healthy donors (P = 0.30), with median concentrations of 1.0 × 10 10 exosomes per milliliter of plasma for both groups (Fig. 1E ). This was confirmed by quantification of CD81, a general exosome marker (P = 0.65; fig. S1B ). Furthermore, absolute exosome counts determined by NTA did not correlate with age (P = 0.48) or leukocyte count (P = 0.09) of individuals, and no significant difference in CLL patients with good or bad prognosis (P = 0.11) was observed (fig. S1, C to E). However, for platelet counts, a significant correlation with absolute exosome numbers (r = 0.54, P = 0.01) was detected ( fig. S1F ), suggesting that most of the exosomes in our plasma preparations were platelet-derived.
Proteome profiling of plasma-derived exosomes from CLL patients and healthy donors was performed via mass spectrometry. In total, 347 proteins were identified by MaxQuant analysis in plasma exosomes of at least three of four samples in either group. Label-free quantification and comparison among groups revealed 91 proteins with a significant and at least twofold difference between CLL and healthy donor exosomes. Among them, various vesicle markers such as annexins, actin-and Ras-related proteins, and 14-3-3 signaling proteins were elevated in CLLderived exosomes (table S2) . This suggests an altered composition of plasma exosomes in CLL, despite unchanged overall exosome levels.
Exosomes derived from malignant B cells have been previously shown to present CD20 on their surface (26, 28) . CD20, as a B cell marker, is expressed on CLL cells and was enriched in two of four of the tested plasma exosome preparations of CLL patients. Therefore, we evaluated whether quantification of CD20 by enzyme-linked immunosorbent assay (ELISA) can be used as an indicator for the amount of B cell-derived exosomes in blood plasma. Using MEC-1 cell-derived exosomes, we confirmed the presence of CD20 on vesicles by immunoelectron microscopy ( Fig. 1F ) and flow cytometry (Fig. 1G) . Assuming that extracellular CD20 is mainly associated with vesicles, we quantified CD20 in CLL-and healthy donor-derived plasma samples and observed significantly higher levels in CLL patients (P = 0.008; Fig. 1H ). We further identified a similar pattern of increased CD20 levels in plasma exosome preparations of patients compared with healthy donors (fig. S1G). Although no correlation of CD20 with clinical parameters was detected ( fig. S1H ), elevated CD20 plasma levels indicated an enrichment of B cell-derived exosomes in CLL, which are most likely derived from the leukemic cells.
The noncoding Y RNA hY4 is enriched in CLL-derived exosomes Comparison of RNA profiles of MEC-1 exosomes and respective parental cells showed an enrichment of small RNA in exosomes ( Fig. 2A) . Therefore, we conducted small RNA (<200 nt) sequencing of MEC-1-and CLL plasma-derived exosomes. Bioinformatic analysis of sequencing data revealed a notable difference in RNA composition of exosomes and cells, allowing a distinction of exosomal and cellular samples (Fig. 2, B to D, and tables S3 to S5). rRNA was the most abundant RNA species in exosomes, with all rRNA sequences covered (Fig. 2, D and E, and table S3), whereas small nucleolar RNA represented the most abundant RNA species in cells and showed much lower abundance in exosomes (Fig. 2, D and E). miRNA profiles were similar for exosomes and cells, with the top-expressed miRNAs miR-148a, miR-21, and miR-155 known to be abundant and prognostically relevant in CLL ( Fig. 2F and table S3) (29, 30) .
Y RNAs were identified as the most significantly enriched RNA species in MEC-1 exosomes compared with cells ( Fig. 2C ) that was highly abundant both in primary CLL plasma-derived and MEC-1 exosomes ( Fig. 2D and tables S3 and S5). hY4 and putative pseudogenes thereof accounted for 5.4 and 11.1% of total reads in CLL plasma and MEC-1 exosomes, respectively (Fig. 2 , E and G, and table S3). This is notably different from the cellular Y RNA distribution, where hY4 and hY1 are rare but present at similar levels (0.6% of total reads; Fig. 2G and table S3 ). Most hY4 reads aligned to the 5′ region of the RNY4 gene (Fig. 2H) .
Validation of sequencing results by Northern blot analysis confirmed the presence of both full-length hY4 and a previously described 31-nt 5′ fragment hY4 (31) in MEC-1 cells and exosomes, with enrichment of the 5′ fragment in exosomes (Fig. 3A) . Full-length and 5′ fragment hY4 were also elevated in plasma exosomes of CLL patients compared with healthy donors, which is most likely due to the enrichment of CLL cell-derived exosomes in patients' plasma ( Fig. 3A) . A direct comparison by Northern blot of total peripheral blood mononuclear cells (PBMCs) from CLL or healthy donor blood samples showed an enrichment of hY4 in CLL PBMC preparations (Fig. 3B) . However, no difference in hY4 levels was detectable when isolated B cells of CLL patients or healthy donors were compared, suggesting that both malignant and normal B cells comparably express hY4 and are the main source of hY4 in blood (Fig. 3C ). Beyond CLL, we detected hY4 in cells and exosomes of U87 glioma and MDA-MB-231 breast carcinoma cell lines, as well as in HS-5 bone marrow stromal cells and HMEC-1 endothelial cells ( fig. S2 , A to C), which is in line with the described ubiquitous expression of Y RNA in normal tissues and tumors (32) (33) (34) .
CLL-derived exosome uptake triggers cytokine release and PD-L1 expression in monocytes
In previous studies, myeloid cells were identified to be the main target cells of MEC-1 exosomes (26) . We therefore analyzed uptake of CLL-derived exosomes and induction of disease-associated changes in monocytes and macrophages. To this end, MEC-1 exosomes labeled with the green fluorescent membrane dye PKH67 were added to murine macrophage J774 cells. Uptake could be observed as early as 1 hour after treatment, with exosomes accumulating in recipient cells over time (Fig. 4 , A and B). Counterstaining with anti-human HLA-DR and phalloidin demonstrated the capability of cargo transfer by exosomes and their intracellular localization in recipient cells ( Fig. 4C and fig.  S3A ). Exosome uptake was confirmed with plasma-derived exosomes using human primary monocytes and in vitro-differentiated human primary macrophages as recipient cells ( fig. S3 , B and C). Treatment of primary monocytes with MEC-1 exosomes resulted in an average of 85% cells being positive for PKH67-labeled exosomes after 8 hours (Fig. 4D) . Thereby, uptake of CLL-derived exosomes was not primarily mediated by cell surface heparan sulfate proteoglycans, as described previously (26), because previous incubation of exosomes with heparin did not efficiently block uptake ( fig. S3D ).
Because plasma exosome preparations contain not only tumorderived vesicles but also a mixture of exosomes produced by many cell types including platelets, MEC-1 exosomes were used as a model system to analyze cellular responses in monocytes. Immunophenotyping of monocytes after overnight treatment with MEC-1 exosomes showed an increased expression of PD-L1 and a decrease in C-C motif chemokine receptor 2 (CCR2) expression levels ( Fig. 4 , E and F)-features of myeloid cells that have been described for CLL (5, 7) . In addition, secretion of C-C motif chemokine ligand 2 (CCL2) and CCL4 and interleukin-6 (IL-6) was observed upon MEC-1 exosome treatment (Fig. 4G ), which is in line with induced nuclear factor B (NF-B) activity ( fig. S3E ). We did not detect PD-L1 or the abovementioned cytokines in the proteome of exosomes (table S2) fig. S3G ), suggesting that PD-L1 expression and cytokine secretion were induced in monocytes upon exosome treatment, rather than presented or transferred to monocytes via CLL-derived exosomes. Treatment with plasmaderived exosomes also triggered comparable alterations in PD-L1 and CCR2 expression (Fig. 4, H and I ).
Uptake of hY4 induces cytokine secretion and immunosuppressive molecules in monocytes, mirroring the CLL microenvironment
To assess the involvement of exosomal RNA in observed phenotypic changes, full-length (96 nt) and 5′ fragment (31 nt) hY4 were synthesized and delivered to primary monocytes using Effectene lipoplexes. The amount of added hY4 was adjusted to reflect its abundance in MEC-1 exosomes as outlined in the Supplementary Materials. Transfer of RNA, as monitored by flow cytometry, resulted in 82.1% positive cells upon treatment with Alexa 488-coupled 5′ fragment hY4 (Fig. 5A) . Confocal microscopy revealed an accumulation of this labeled hY4 fragment in late endosomes/lysosomes (Fig. 5B) .
To evaluate the impact of hY4 on transcriptional changes in monocytes, we performed reverse transcription polymerase chain reaction (RT-PCR) arrays for 84 genes involved in cancer inflammation and immunity cross-talk. Monocytes were treated with Effectene alone (control), 5′ fragment hY4, or full-length hY4 packaged in Effectene. A strong induction of gene expression upon delivery of hY4 compared with control cells was observed for most of the genes, with 48 significantly different genes showing at least twofold up-regulation in full-length hY4-treated monocytes ( Fig. 5C; fig. S4 , A and B; and table S6). Overall, a stronger regulatory effect for full-length hY4 compared with 5′ fragment hY4 was observed (Fig. 5D) . Among the most up-regulated genes were chemokines [including CCL2, CCL4, CCL5, C-X-C motif chemokine ligand 9 (CXCL9), CXCL10, and CXCL11], proinflammatory genes [such as IL6, IL12A, and TNF (tumor necrosis factor)], and also immunosuppressive factors [such as CD274 (also known as PD-L1), IDO1, and PDCD1 (also known as programmed cell death protein 1, PD-1)] (Fig. 5C and table S6) . Most of these genes are known as interferon response genes or genes regulated via signal transducer and activator of transcription (STAT) and NF-B signaling. Down-regulated genes mostly included chemokine receptors such as CCR2 and CXCR4 (Fig. 5C  and table S6 ).
For validation, cytokine release in monocytes was monitored upon delivery of full-length and 5′ fragment hY4, as well as upon treatment with two miRNAs, miR-21 and miR-15a. Both miRNAs are prognostically and functionally relevant in CLL but are opposing regarding their regulation in CLL and their putative role in exosomes (30, 35, 36) . miR-21 is up-regulated in CLL and has been shown to mediate cytokine release in monocytes upon exosomal delivery. In contrast, miR-15a is absent or down-regulated in CLL and has not been detected in CLLderived exosomes. Full-length hY4 showed a pronounced higher potency regarding secretion of CCL2, CCL3, CCL4, CXCL10, and IL-6, when compared with any other delivered RNAs (Fig. 5E ). In addition, increased expression of PD-L1 upon treatment with full-length hY4 was confirmed by flow cytometry, again showing lack of or reduced effects for any other delivered RNAs (Fig. 5F ). For CCR2, baseline expression varied between monocyte preparations, but if expressed, CCR2 was readily down-regulated upon treatment with full-length hY4 and, to some extent, with miR-21 (Fig. 5G) . A direct comparison of full-length and fragment hY4 further showed a concentration-dependent activity for both RNAs and confirmed a higher potency of full-length hY4 for the described responses in monocytes ( fig. S4, C to E) . Last, we also confirmed the ability of RNA isolated from MEC-1 exosomes to induce up-regulation of PD-L1, IL-6, and CCL4 and down-regulation of CCR2 (Fig. 5H) .
To address the relevance of our observations for CLL pathogenesis, we performed a cytokine array with serum samples of 11 CLL patients and 5 healthy donors and compared the results with transcriptional changes induced by hY4 in monocytes shown in Fig. 5C . In total, 15 of 20 cytokines that were measured by both assays and were elevated in CLL serum were also induced by hY4 treatment (Fig. 5I and table  S7 ). Among them were candidate cytokines including IL-6, CCL4, CXCL10, and CCL2, suggesting that hY4-induced responses in monocytes contribute to the inflammatory milieu in CLL. Together with the enhanced expression of PD-L1 that was observed on monocytes in human and murine CLL (7), hY4-induced changes reflect multiple CLL-associated phenotypes.
The Y RNA hY4 mediates downstream effects via TLR7 signaling Our previous work identified TLR signaling as a major pathway activated in CLL cocultures (4). Because we observed intracellular accumulation of hY4 in acidified endosomes, we hypothesized that hY4 may act as a ligand for endosomal TLR7 or TLR8, both of which recognize single-stranded RNA (37, 38) . TLR8 has been shown to have reduced functionality in mice; therefore, we used Tlr7 knockout (KO) mice to test this hypothesis. Mavs KO mice were further included in this study, because mitochondrial antiviral signaling protein (MAVS) mediates signaling downstream of the cytoplasmic pattern recognition receptor retinoic acid-inducible gene I (RIG-I), which has been previously reported to recognize exosomal RNA in breast cancer cells (39) . Bone marrow-derived myeloid cells from Tlr7 KO and Mavs KO mice as well as corresponding wild-type mice were isolated and treated with hY4, as described above. Induction of cytokine secretion, up-regulation of PD-L1, and down-regulation of CCR2 expression upon treatment with hY4 were observed in myeloid cells from wild-type or Mavs KO mice but were completely abolished in cells that lack TLR7, indicating that hY4-induced responses were dependent on TLR7 (Fig. 6, A and B,  and fig. S5 , A to C). Stimulation of TLR4 using lipopolysaccharide (LPS) resulted in similar responses in all samples, confirming a comparable inflammatory potential of the cells.
Chloroquine treatment decreases exosomal effects in monocytes and inhibits CLL development in mice
To evaluate the relevance of TLR7/8 activity for CLL development, we used chloroquine, which inhibits acidification of endosomes/lysosomes and therefore endosomal TLR activity (40) , in vitro and in the E-TCL1 mouse model of CLL. Pretreatment of monocytes with chloroquine impaired cytokine release and PD-L1 expression upon delivery of fulllength hY4 or CLL-derived exosomes, confirming the relevance of endosomal TLR activity in exosomal effects (Fig. 6C and fig. S5D ). Chloroquine treatment of CLL-bearing mice (after adoptive transfer of malignant splenocytes from E-TCL1 mice) decreased leukemia development, as shown by reduced absolute numbers of malignant cells in the blood and spleen as well as lower spleen weights of the animals after treatment (Fig. 6, D to F) . Together, this suggests that exosomal RNA-mediated activation of TLR7/8 signaling contributes to CLL development, by triggering a supportive tumor microenvironment.
DISCUSSION
In the current study, we have identified the Y RNA hY4 as an abundant transcript in CLL-derived exosomes and demonstrated that it has a central function in generating a tumor-supportive microenvironment. Enrichment of small RNAs with a similar size distribution as in our analyses was observed in EV preparations before (18, 19) . RNA sequencing approaches revealed the presence of Y RNAs or their 5′ fragments in exosomes of cancer and noncancer cells (19, 32, (41) (42) (43) . Our sequencing data revealed an enrichment of hY4 in exosomes, with four-and fivefold higher levels compared with hY1 in MEC-1-and CLL plasma-derived exosomes, respectively, whereas MEC-1 cells contained overall much lower but roughly equal levels of these two Y RNAs. This is in line with a report by Tosar et al. (32) who observed in breast cancer cells and their derived exosomes that >85% of Y RNA-derived reads corresponded to hY4. Y RNAs were further shown to represent a major small noncoding RNA species in exosomes derived from lymphoblastoid and lymphoma B cell lines, and again, a notable enrichment of hY4 over other Y RNAs in exosomes was observed (41) . We also detected hY4 in nonmalignant cell types, including fibroblasts, endothelial cells, and B cells of healthy individuals, confirming a ubiquitous expression of this Y RNA (33) . Because exosome secretion in B cells is induced upon B cell receptor activation, the observed hY4-mediated effects in monocytes might reflect physiological activities of normal immune responses. This is supported by our observation that healthy donor plasma exosomes induced a partial response in terms of PD-L1 and CCR2 expression and cytokine secretion in monocytes. In CLL, malignant B cells and their derived exosomes accumulate , P values were determined by unpaired t test. *P < 0.05; **P < 0.01; ***P < 0.001.
in lymph nodes and blood, resulting in a chronic stimulation and activation of myeloid cells. In contrast, the physiological activity of B cellderived exosomes during infections is most likely more controlled in magnitude and duration. We have also identified signaling via endosomal TLR7 as the underlying mechanism of exosomal effects in monocytes and show that exosomal RNAs display a species-and concentration-dependent potency in inducing these effects. In accordance, exosomal RNAs were reported to trigger pattern recognition receptor signaling in recipient cells, either via activation of cytoplasmic RIG-I as shown by Boelens et al. (39) in breast cancer cells or via endosomal TLR7 stimulation by miR-21 in macrophages (35) , which was associated with increased tumor growth and metastasis.
The specificity of hY4-mediated activation of TLR7 signaling remains elusive. Characterization of potential binding motifs within hY4 for TLR7, which most likely depend on the RNA sequence, respective secondary structures, and posttranscriptional modifications (38, 44) , needs to be addressed in future investigations. The observed enrichment of hY4 in exosomes implies a specific sorting mechanism that is also not understood so far. Sorting via 3′ end polyU (polyuridylic acid) motifs (41) might be of relevance given that Y RNAs and other noncoding RNAs present in exosomes are RNA polymerase III transcripts with a characteristic polyT (polythymidylic acid) sequence at the 3′ end of the gene (45) . However, this does not explain the overall elevated abundance of hY4 over other Y RNAs in exosomes.
Tumor exosomes have been linked to inflammatory processes as well as several aspects of tumor pathobiology (46, 47) . In particular, CLL-derived exosomes were shown to induce the generation of cancerassociated fibroblasts, which display an inflammatory and proangiogenic phenotype and were detected in patients' lymph nodes (26) . Subcutaneous coinjections of MEC-1 cells and exosomes further revealed a tumor growth-promoting effect of CLL-derived exosomes. A recent report showed a tremendous increase of exosome release by CLL cells upon B cell receptor activation, which implies a central role of CLLderived exosomes in the microenvironment of secondary lymphoid tissues, the sites of B cell activation (24) . Monocytes and macrophages at these sites are skewed toward protumorigenic phenotypes, including increased expression of immunosuppressive proteins such as PD-L1, as well as enhanced secretion of inflammatory cytokines that accumulate in the serum of patients (4, 7) . The results of our study suggest that CLL-derived exosomes and their contained Y RNA trigger these local and systemic tumor-supportive alterations.
RNY4 does not exist in mice, and therefore, the E-TCL1 mouse model of CLL cannot be used to address the role of this RNA in vivo. Other murine Y RNAs might be involved in disease development in these mice, but considering the small amounts of blood plasma that can be obtained, functional studies with murine exosomes are very limited. Instead, we used E-TCL1 mice to therapeutically target TLR activity with chloroquine, which slowed down disease development. This might be due to alterations in the microenvironment but also due to the direct effects on the malignant cells, as observed in vitro (48) . Results of a small clinical trial of hydroxychloroquine treatment in CLL over 1 year showed that 12 of 22 treated patients presented with a fall in absolute numbers of malignant cells in the blood and that 7 further patients presented with stable disease throughout the trial (49) . This encouraging result, together with our recent finding that immune checkpoint blockade using anti-PD-L1 antibodies successfully controls CLL development in mice (8) , paves the way for therapeutic interventions targeting the CLL microenvironment. As we show here that PD-L1 expression is induced in monocytes by CLL-derived exosomes or exosomal hY4, rational combination therapies that include exosomal targets or their triggered responses, such as TLR signaling, have to be considered as novel treatment approaches for CLL. Last, because Y RNAs were detected in tumor-derived exosomes of several cancers, and tumorassociated chronic inflammation and up-regulated PD-L1 expression are frequently observed, our findings are likely of relevance in cancer beyond CLL.
MATERIALS AND METHODS
Study design
Animal studies were conducted under a protocol approved by the local animal experimental ethics committee (Regierungspräsidium Karlsruhe, Germany) and according to their guidelines. Group size of the two treatment arms was determined on the basis of expected variances within the groups of 20% and was determined to be able to prove a difference between the groups of at least 25%. Mice were randomized before treatment on the basis of tumor burden, which was determined as the absolute number of CD5 + CD19
+ cells in the blood analyzed via flow cytometry. Mice were euthanized after 3.5 weeks of treatment, when vehicle-treated mice achieved a fully leukemic state.
Exosome isolation, quantification, and characterization
Culture supernatant of MEC-1 cells as well as blood plasma samples were used for exosome isolation as previously described (27) . Quantification of exosomes was performed via NTA using NanoSight LM10 equipped with a 405-nm laser (Malvern Instruments, Worcestershire, UK), CD81 ExoELISA (System Biosciences, Palo Alto, CA, USA), and human B lymphocyte antigen (CD20) ELISA kit (Cusabio Biotech, College Park, MD, USA). Exosome morphology was assessed by transmission electron microscopy as previously described (27) . Western blot analysis of MEC-1 exosomes was performed as described in the Supplementary Materials. Evaluation of CD20 surface expression was assessed by flow cytometry after coupling MEC-1 exosomes to 4-m aldehyde/sulfate latex beads (Thermo Fisher Scientific).
Mass spectrometry of blood plasma-derived exosomes
Proteome profiling was performed as previously described (27) . Mass spectrometry data were obtained using a nanoACQUITY UPLC system (Waters, Eschborn, Germany) and analyzed with the MaxQuant open source software, as detailed in the Supplementary Materials.
RNA sequencing of CLL-derived exosomes
Exosomal RNA for sequencing was isolated using miRNeasy Micro Kit (Qiagen, Hilden, Germany), following the manufacturer's instructions for the isolation of small RNA (<200 nt). Sequencing libraries were prepared using NEBNext Multiplex Small RNA Prep Set for Illumina, and 51-base pair single-end sequencing was performed using HiSeq version 4 platform (Illumina, San Diego, CA, USA). Analysis of sequencing data was performed as described in the Supplementary Materials.
Northern blot analysis
A 32-nt antisense oligonucleotide probe against the 5′ end of hY4 (5′-AGTTCTGATAACCCA CTACCATCGGACCAGCC-3′) (31) labeled with 20 pmol of [
32
-P]adenosine 5′-triphosphate was used for Northern blot analysis, as described in the Supplementary Materials.
Uptake studies
Uptake of PKH67-labeled exosomes or Alexa 488-labeled hY4 by monocytes or macrophages was analyzed by flow cytometry or confocal microscopy, as described in the Supplementary Materials.
Gene expression analysis of hY4-treated monocytes
Monocytes treated with Effectene alone (control), 50 nM hY4 fragment (31 nt), or 50 nM hY4 (96 nt), both packaged in Effectene, were analyzed using the Cancer Inflammation and Immunity Crosstalk RT 2 Profiler Array (Qiagen), according to the manufacturer's instructions, and heat maps of log 2 fold changes of 2 −Ct values were generated.
Functional assays
Human monocytes or murine bone marrow-derived myeloid cells were treated with exosomes, synthetic RNA oligonucleotides, exosomal RNA, TLR7/8 agonist CL075, or TLR4 agonist LPS. Where indicated, 50 M chloroquine was added 30 min before stimulation to block TLR signaling. Changes in PD-L1 and CCR2 expression were evaluated by flow cytometry. Alterations in cytokine levels were assessed via cytometric bead arrays or ELISA kits, as described in the Supplementary Materials.
Serum cytokine array
Serum cytokine levels were evaluated by human cytokine arrays [RayBio Glass Slide-based Antibody Arrays (G-Series), RayBiotech, Norcross, GA, USA], according to the manufacturer's instructions. Axon GenePix 4000A Microarray Scanner and GenePix Pro 6.0 software were used for data analysis.
Chloroquine treatment of mice
Adoptive transfer of E-TCL1 leukemia was performed as described previously (7) . Mice were randomized on the basis of tumor burden to treatment with -cyclodextrin (0.01 g/ml)-fortified and glucose (0.015 g/ml)-fortified drinking water (vehicle) or with chloroquine (0.288 mg/ml) in vehicle (46 mg/kg per day) for 3.5 weeks, after which mice were sacrificed. Spleens were weighed, and tumor load in spleen was determined as the absolute number of CD5 + CD19 + cells via flow cytometry.
Statistics
Details of statistical analyses are provided in the Supplementary Materials.
Study approval
All investigations involving experiments on human material (blood cells and plasma) were approved by the local ethics committees in Essen, Heidelberg, and Ulm, and participants have given written informed consent in accordance with the Declaration of Helsinki.
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